The overall goal of our paper is to examine how the evolution of groundwater governance in North China has affected the rural economy. Based on a random sample of 48 villages in nine counties in North China, our results show that over the last 15-20 years collectively owned tubewells have been gradually privatized. Our analyses demonstrate that increasing groundwater scarcity and policy intervention (mainly fiscal and financial subsidies for tubewell investment) have led to the observed shifts in tubewell ownership patterns. Our results also show that the privatization of tubewells has affected cropping patterns in North China. When villages shift towards private tubewells, farmers move into more water-sensitive and high-valued crops. Privatization, although having no effect on crop productivity in our sample, has a positive effect on income. Increased groundwater use is also shown to improve income distribution. However, the evolution of tubewell ownership in our study villages comes at a cost: increasing privatization is associated with falling water tables.
As one of the main economic and political centres of China, the population and economy of the Hai River Basin (HRB) and the Lower Reaches of the Yellow River Basin (LRYRB) in North China have grown rapidly over time. (The HRB and the LRYRB cover the municipalities of Beijing and Tianjin, all of Hebei and much of Henan and Shandong provinces.) Since the 1950s the gross domestic product (GDP) of the two regions has increased by a factor of nearly 40 (China National Bureau of Statistics 2002). Both rural and urban areas have contributed importantly to the growth: agricultural GDP has risen by a factor of nearly eight, whereas at the same time, industrial GDP grew by a factor of more than 50. Agricultural yields of wheat and maize rose by between 15 and almost 30% during the 1990s. Agricultural output grew by 20-35%. Facing rising demand for cash crops from domestic and export markets, farmers also began to shift from staples into cash crops, even though such crops often require more intensive use of water and more precise water applications. The development of the regions also made a positive impact on poverty: the poverty rate measures from Hebei and Henan provinces fell from 30% in 1985 to less than 9% in 2001 (Wang 2007) .
There are probably many reasons behind such agricultural and industrial growth and associated poverty reduction, yet there has been little empirical analysis of the specific drivers of change. In particular, little research has been done on the impact of the most notable development during the past 20 years: the emergence of China's groundwater economy. Since the late 1960s, surface water availability in the HRB and LRYRB has fallen. During the 1990s, almost no water from the HRB was discharged into the sea; the HRB changed from an open basin to a closed one. From the early 1970s to the late 1990s, water in the Yellow River did not reach the sea for extended periods in many years. Observers have witnessed a steady fall of cultivated area serviced by surface water.
Faced with increasing demands and limited surface water supplies, farming communities in North China began to turn to groundwater in the late 1960s. (The groundwater of the North China Plain mainly exists in a Quaternary aquifer system. About 62% of North China's groundwater resources are stored in the region, which is dominated by piedmont alluvial plains (Hong et al. 2008) . This system of groundwater aquifers is large: according to the Ministry of Water Resources (unpubl. data), in total, North China has 246 billion cubic metres of groundwater resources and each year users extract about 80 billion cubic metres (of which, much can be recharged). A large share of North China's groundwater is found in aquifers that can be categorized into one of four water-bearing formations (Zhang 2005) . Most categorization schemes begin with shallow aquifers and proceed to deep aquifers, describing them by their hydrological characteristics and the average levels of compaction. The first aquifer system is referred to as shallow groundwater aquifers; the second, third and fourth aquifer systems are called deep groundwater aquifers. The average depth of the shallow groundwater aquifers is around 40-60 m. The shallow groundwater aquifer is by far the most used. Many of the shallow aquifers are rechargeable. In contrast, the depth of the deeper aquifers ranges from 120 to 550 m (and more). Although, in general, the levels of compaction of the deep aquifers are higher, many of these aquifers cannot be recharged.) Under the directive of the Central Government, tubewells developed quickly in China during recent decades. By 2005, producers were extracting groundwater from more than 3.5 million tubewells and irrigated nearly 15 million hectares, mainly in the HRB and LRYRB ( Unfortunately, the expansion of the groundwater economy is not without cost. Rising groundwater extractions have led to falling water tables. For example, in Feixiang County, which is located in the upstream part of the Fuyang River basin (part of the HRB), the shallow water table fell by 0.6 m per year in the 1980s and 1.3 m per year in the 1990s. Even greater rates of decline of the shallow water table occurred in the downstream parts of the basin. Excessive water withdrawals and falling water tables have caused land subsidence in some rural areas, cones of depression under some cities and deteriorating water quality near the coast (Hebei Hydrological Bureau and Water Environmental Monitoring Center 1999).
During this time, although leaving less of an imprint on the landscape, the ownership of tubewells and pumps was also undergoing a fundamental shift, from collective to private. In the 1970s, virtually all wells and pumps belonged to the collective. Although official data are scarce, two sets of data collected by the authors in 2001 and 2004 and described in this paper indicate that private individuals have installed a large majority of new tubewells since the early 1990s (Wang et al. 2007 ). We also found that individuals purchased 80% of new pumps during the 1990s. Surprisingly, despite the scope of the changes in the use of groundwater in general, and the emergence of a private well-and pump-owning sector in particular, there has been almost no research on the impact that these trends have had on regional productivity. Even less is known about how the emergence of a largely private groundwater economy has affected income distribution.
Interestingly, although rising groundwater abstraction (from whatever source) is almost certainly behind the fall in the water table, there is less certainty over the effects of tubewell privatization. (According to China's Water Law (issued in 1988 and revised in 2002) , the ownership of water resources (both surface and groundwater resources) lies with the State: according to China's formal water legislation, it is the State Council, on behalf of the State, that exercises the right of ownership of water resources. Under the framework of this law (and other relevant regulations on water management), if individual agents (such as farmers) or organizations (e.g. enterprises) would like to extract any water from China's ground or surface water resource, they need to apply for permission from the local water resource bureau. In other words, according to the law, this means that farmers have the right to sink tubewells if they obtain permission from the local water agency. It should be noted, however, that in many cases it is difficult to implement China's water laws and regulations as written. In fact, Wang et al. (2007) showed that the implementation of these regulations has largely not been effective in many regions. For example, based on field surveys, farmers seldom apply for permission to sink their tubewells; requirements on spacing also are often not enforced.) Economic theory suggests that when many individuals pump without regulation from a common aquifer, water will be over-extracted. Some observers have placed blame on private well owners for the fall in North China's water table (Chen & Liu 2008; Wang 2008) . (According to the theory of common pool resources (Ostrom, 1990; Bromley, 1992) , if agents in a community have free access to a resource, such a resource can be called a common pool resource (or common property resource). For a number of reasons, common pool resources are likely to be overused. The main problem is that because there are no clear property rights (and if there is no exclusion), each agent will extract the resource at a rate that will maximize their current profits without considering the externalities that they are imposing on either other users or on users in the future. In the absence of any effective regulation (or coordination), because all agents that use the common property resource will act similarly, there are typically large negative externalities and the drawdown of the resource is accelerated. Groundwater is one type of common pool resource (Brozović et al. 2006) . Although the ownership of groundwater belongs to the State, in fact, in most villages in China, farmers can sink tubewells when and where they want without seeking approval (Wang et al. 2007) . There are few controls on the quantity of pumping. In such physical and managerial environments, farmers should be expected to act in a way that could lead to the 'tragedy of the commons'. Each farmer will consider only the profitability of pumping water for this season and will not consider the consequence of their actions on the level of the resource in the future (or on the profitability of others).) Others (Kendy et al. 2004; Wang et al. 2005) have suggested that there is no evidence that changes in well governance have accelerated the fall of the water table.
The overall goal of our paper is to examine how the evolution of groundwater governance in North China has affected the rural economy. To address this goal, we have four objectives. First, we want to describe the evolution of tubewell ownership. Second, we examine the nature of the villages and households that have seen their tubewells privatized and measure the factors that influence privatization. Third, we explore the impact of tubewell ownership change on agricultural production, income and the water table. Finally, we also are concerned about the possible negative consequences of the groundwater economy on the distribution of income.
Data
The data for the study come from a survey that the authors conducted in 48 villages in the HRB and the LRYRB in North China (Fig. 1 ). Although these river basins cover counties in other provinces, our study examines communities in two provinces only, Hebei and Henan Provinces. To be representative, the sample villages were randomly selected. All villages in the sample kept detailed accounting records on community-level socio-economic and water issues. Detailed interviews with village leaders and others who had been village residents for the entire sample period were also conducted. The field survey of 48 villages covers four periods: 1990, 1995, 2001 and 2004. During the survey, enumerators identified two types of tubewell governance: collective and private. If the village's leadership council owns the tubewell, we define it as collective; otherwise the tubewell is defined as private. There are two types of private tubewells. If a tubewell belongs to a single individual or family, we call it an individual tubewell. Other private tubewells are owned by groups of individuals. Because, in many of the groups, the members are assigned shares that indicate the investment stake that each member has in the tubewell, the groups are often called shareholding groups and their tubewells are called shareholding tubewells. In executing our village questionnaire, enumerators asked village leaders to recall the total number of operating tubewells by ownership type in each of the survey's four target years.
The survey also collected information that we use to understand the determinants of tubewell ownership and several measures of the effects of ownership shifts on crop production, income and water resources. The determinants of tubewell ownership include the scarcity of water and the per capita income level of the village. Groundwater scarcity is defined as the depth of the water table in a tubewell after at least 3 months of non-use (typically in the autumn). We asked village leaders whether the government provided either fiscal subsidies or bank loans for aiding the collective or individuals to invest in tubewells. We also recorded cropping patterns (the share of overall sown area accounted for by each crop) and crop yields to account for productivity impacts. In addition, we collected information on per capita farmer income to explore the relationship between income and changing patterns of well ownership. Finally, as control variables, we collected information on other factors, including per capita land area, the share of surface irrigation, water quality, the share of the village labour force with higher than primary-level schooling, the share of the nonagricultural labour force, distance to roads and the number of firms in the village. 
The evolution of tubewell ownership
Tubewell ownership in our study area shifted sharply from collective to private over the study period (Fig. 2) . In 1990 collective ownership accounted for 51% of all tubewells. From 1990 to 2004, however, the collective ownership of tubewells diminished whereas the share of private tubewells increased from 49 to 81%. Although the shift of tubewell ownership occurs throughout our entire sample, its pattern varies across the study counties and between villages within the counties.
The shift of tubewell ownership has come mostly from the establishment of new tubewells rather than a change in ownership of existing ones (Fig. 3) . As a result of the fall of the water table during the 1990s (and the lack of maintenance of pumps and engines), a number of collective tubewells have became inoperable over the past two decades. In fact, the absolute number of collective tubewells fell between 1990 and 2004 (Fig. 3) . During this time, the number of private wells increased rapidly.
Although the number and proportion of private tubewells increased over the entire study period, as for collective wells, numbers declined between 2001 and 2004 (Fig. 3) . Although it is beyond the scope of this study to identify reasons for this, one explanation is that the falling water table has affected the groundwater economy. As groundwater levels have fallen, many tubewell operators may have abandoned their wells, and some may not have been replaced.
Tubewell ownership, resource scarcity and policy intervention
Researchers in recent years have analysed the determinants of institutional innovation both theoretically and empirically. For example, White (1995) found that government policies, the degree of democratization and financial market liberalization play important roles in institutional change. Otsuka (1995) showed that in much of the empirical literature, environmental and population factors, government policies and other socioeconomic variables are the main determinants of institutional change. Uphoff (1986) and Tang (1991) identified three kinds of factors affecting water management organizations in particular: the physical and technical characteristics of the resource; the characteristics of the group of users; and the nature of institutional arrangements.
Although little empirical work has focused specifically on groundwater governance, the international literature has identified several factors that affect tubewell ownership. Based on a case study of tubewell ownership innovation in Pakistan, Meinzen-Dick (1996) concluded that the emergence of private tubewells is mainly due to the changes of groundwater and surface water utilization, farm scale and population intensity. Shah (1993) showed how the emergence of institutions that encourage water sales in villages has levered the rise in private tubewell ownership. Barker & Molle (2005) pointed to the increased availability of reliable pumping technology and hinted that this has been a factor in increasing the rise of private tubewell ownership in South and SE Asia. Despite the importance of groundwater in China's agriculture and its rapid evolution over time, almost no work has attempted to analyse the factors that have affected ownership decisions in China.
Drawing on descriptive analysis based on the data from Hebei and Henan, we find that several factors are found to be associated with the shift in tubewell ownership from collective to private. Most strikingly, factor endowments, especially water, are correlated with ownership changes (Table 1) . Specifically, in villages in which water is scarce, tubewell ownership has evolved quickly. Although the patterns in the descriptive statistics do not prove causality, they are consistent with the idea that private tubewells may have emerged in response to North China's growing groundwater scarcity.
Government programmes to encourage investment by farmers and village leaders may also have influenced the pattern of tubewell ownership. Officials have implemented two main policies (fiscal subsidies and loans) that affect tubewell ownership decisions. Not all actors in any given community, however, are eligible for these programmes. Whereas subsidy programmes mainly support the investment efforts of single farmers, banks typically target special loans to village leaders. Because of the targeting rules of the two policies, we expect that in areas that have had relatively large fiscal subsidy programmes, there should have been more of a shift towards private ownership. Likewise, in those areas with an active bank loan programme, access to special investment funds by the village leadership council may be keeping the collective active in maintaining or expanding their tubewells. Our descriptive data provide support (although not proof) for the hypothesis that the tubewell economy is dependent, at least in part, on government support (Table 1) .
Tubewell ownership, production and income
Descriptive statistics from the data not only suggest that certain factors have systematically induced the rise of private tubewell ownership, but also indicate that changes in tubewell ownership have led to shifting cropping patterns (Table 2) . Although there certainly are many other factors that affect cropping patterns, our data show that when the share of private tubewells increased from 49 to 81% between 1990 and 2004, the share of sown area under wheat cultivation decreased by 3% (Table 2) . At the same time, the share of areas under maize and cotton increased (Table 2 ). Most importantly, the area devoted to other crops (mostly horticulture crops) rose by 40% (from 6 to 10 percentage points; Table 2 ).
Although the data show a fairly strong relationship between tubewell ownership and cropping patterns, the relationship between ownership and yields is less clear. It is true that the descriptive data indicate that yields increase over time as private tubewell ownership increases (Table 2 ). There are, of course, many reasons (e.g. new technology) why yields may have risen. The correlation between tubewell ownership and rates of yield increase is less clear; yields rise less rapidly than increases in private tubewell ownership.
Descriptive statistics also indicate that as the percentage of private tubewells increases, farmers' earnings also increase (Table 2) . When the share of private tubewells increased from 49 to 81% between 1990 and 2004, annual real farmer income also increased from 815 to 2261 yuan. However, a number of other factors also may be contributing to the observed income increases, and so before drawing any conclusions, multivariate analysis is needed. 
Determinants of tubewell ownership and impact analysis
Based on the above discussion and following the literature (e.g. Fujiie et al. 2006) , we propose the following econometric model to analyse the determinants of tubewell ownership:
In equation (1), M jt represents the share of private tubewells in village j in year t. The variables on the right-hand side of equation (1) are those that explain differences in tubewell ownership decisions among villages and over time. The variable W jt represents the degree of groundwater scarcity, measured as the level of the water table. We include a set of policy variables (policy interventions), P jt , to assess the effects of policy on tubewell ownership patterns. Because we also use P jt as instruments to identify tubewell ownership in the performance equations (see equation (3) below), a fuller discussion follows below.
In explaining tubewell ownership, a number other factors are also controlled; for example, the degree of land scarcity measured as arable land per capita, and the village's ability to draw on its fiscal resources for investment measured as per capita village fiscal income. The rest of the control variables include the share of surface water irrigation, groundwater quality (1 = good and 0 = bad), the share of the labour force with a higher than primary school education, and the share of the nonagricultural labour force. Finally, we also use a village (Dv j ) dummy variable to control for unobserved village effects. The symbols , , , , φ and are parameters to be estimated and jt is the error term.
Tubewell ownership may be endogenous in the impact analysis, as in the second part of this paper, in which multivariate analysis is used to measure the effect of tubewell ownership on sown area decisions, yields and income. Therefore, variables that will be able to identify the effect of tubewell ownership on agriculture decisions need to be included. To do so, in equation (1) the vector P jt , which is made up of the two policy intervention variables, is introduced. The first variable equals unity if the village received financial subsidies for investing in tubewells from county officials in the water bureau, and zero if not. The second policy variable equals one if the village received targeted bank loans for tubewell investment, and zero otherwise. The authors believe that the formulaic way in which upper-level officials allocate the grants and loans allows us to use these policy variables as instruments. In other words, officials used a predetermined formula as a basis on which they distributed the investment funds and loans. Assuming this is so, investment grants and targeted bank loans should have been expected to affect tubewell ownership, but will have had no independent effect on sown area decisions or yields.
The possible effects of tubewell privatization on the water table are also of interested. To do so, the following equation is introduced:
In equation (2) (2) should be of interest to policy makers, as they will be useful in assessing whether or not tubewell ownership reform accelerates the drawdown of water tables. The level of the water table in 1990 is used as the instrumental variable in equation (2). It is assumed that the instrumental variable can at least in part explain the level of the water table during the study period but has no direct or independent influence on tubewell ownership (except through its effect on groundwater scarcity).
To analyse the impact of tubewell ownership on cropping patterns and income, the following equation is introduced:
where y jt measures two types of performance indicators: either the share of crop area sown to one of the region's major crops (wheat, maize, cotton and other cash crops) or real annual farmer income (in 1990 prices). The variables on the right side of equation (3) are those that explain the performance indicators. Using the identification strategy discussed above, we include the prediction of the tubewell ownership variable (M jt ) from equation (1) and the prediction of water table (Ŵ jt ) from equation (2). The interaction variable, N jt , which is the same as that in equation (2), is included. We also include Z$ jt to control for other factors that might affect cropping patterns and income. In addition to the control variables in equation (1), Z$ also includes measures of water quality.
To analyse the impact of tubewell ownership on yields, the following equation is introduced:
where y jt measures the yields of major food grain crops (wheat and maize). Except for the dummy year (Dy t ), the variables on the right side of equation (4) are the same as those in equation (3). The dummy year is to control the impact of technological progress on yields.
Determinants of tubewell ownership and its impact on the water table
The econometric estimation of the two-stage leastsquares (2SLS) model performs well for the determinants of tubewell ownership equations (Table 3 , column 1). The 'goodness of fit' measure, adjusted R 2 , of 0.67 is sufficiently high for this type of analysis. Most of the coefficients of control variables also have the expected signs and a number of the coefficients are statistically significant. For example, the coefficient of the variable measuring the village's fiscal income level is negative and significant (Table 3 , row 10). The coefficient of the share of the non-agricultural labour force is significant and positive (Table 3 , row 12).
More importantly, when examining the variables of interest, the results show that increasing groundwater scarcity affects the evolution of tubewell ownership. The coefficient on the water table level variable is positive and significant. All other things being held constant, when the water table falls and water becomes scarce, tubewell ownership shifts from collective to private. (Although our analysis (which seeks to use methods that allow us to identify causality) clearly shows that the decline in the water table was one factor that triggered privatization, it is certainly possible that in other places the sequence is: deregulation leads to privatization, which leads to increases in extraction, which leads to falling levels of groundwater, which finally leads to water scarcity. We would like to thank an anonymous reviewer for this comment.) Our findings can be interpreted as support for the induced innovation hypothesis, a hypothesis that has been found to be true in many studies in disciplines other than water management. Changes of natural resource endowments will induce institutional innovation.
Although the robustness of the coefficients on the groundwater scarcity variable in the tubewell ownership equation suggests that endogeneity may not be a major statistical problem, examining the groundwater scarcity equation demonstrates the statistical validity of our instrumentation strategy ( , where N is the number of observations, and R 2 is the measure of goodness-of-fit in the third step regression. It shows a 2 distribution. In our study, the test statistic is 0.001 and we cannot reject the null hypothesis that there is no correlation between the exogenous instruments and the disturbance term from tubewell ownership equation (1). This means that we have a set of instruments that are statistically valid.)
The coefficient of the tubewell ownership variable in the groundwater scarcity equation is also of interest in its own right (Table 3 , column 2, row 1). Our results suggest that the water table is lower in villages with more private tubewell ownership. In other words, the finding indicates that the shift to private ownership does lead to a more rapid fall in the water table than in those villages that have collective tubewell ownership. (In North China, the decline of the water table has occurred before the 1980s. However, the shift in tubewell ownership from collective to private mainly emerged since the early 1980s. Therefore, it is the decline of the water table that first induces the privatization of tubewell ownership. In the latter, the privatization of tubewell ownership has resulted in the decline of the water table.)
In addition to pressures provided by scarce resource endowments, the government's policies also have influenced tubewell ownership, although different programmes have had different impacts (Table 3 ). The coefficient of the fiscal subsidy variable is positive and significant, suggesting that fiscal subsidies for tubewell investment have promoted the ownership of tubewells by private individuals. In contrast, the coefficient of bank loans is negative (Table 3 , column 1, rows 5 and 6), indicating that targeted loans from banks have encouraged the expansion of collective ownership. Both of these shifts are as expected.
Ownership impacts on sown area decisions, yields and income
The results also show that the evolution of tubewell ownership has led to systematic adjustments in the cropping patterns of our sample farmers in the North China Plain (Table 3 , column 3-6). The coefficients of the tubewell ownership variable (the share of private tubewells or intercrossing variables multiplied by ownership and the dummy year) in maize, cotton and other cash crop equations are positive and significant (Table 3 , columns 4-6, rows 1 and 2). In contrast, the coefficient is negative and significant in the wheat equation (Table 3 , column 3). In other words, when the share of private tubewells in a village rises, farmers in our sample shift sown area from wheat and other grain crops to maize, cotton and other cash crops (mainly horticultural crops). Given the greater demand by horticultural producers for timely water deliveries, our results from the sown area equations might be interpreted as meaning that the shift to private tubewell ownership has facilitated the expansion of high-valued crops that have special water needs.
In addition, faced with increasing groundwater scarcity, farmers have begun to shift out of water-intensive crops (such as wheat, which requires up to five irrigations per year) to less water-intensive but relatively high-valued crops (such as maize and cotton, which use one to three irrigations per year). Our results indicate that with change of tubewell ownership from collective to private, farmers possibly attach more importance to increasing the value of water use. In contrast, the results presented here show that there is no significant relationship between tubewell ownership and crop yields (Table 3 , columns 7 and 8). The coefficient of the tubewell ownership variable is not significant in either the wheat or the maize yield equation. This indicates that despite increasing groundwater scarcity, as a result of changes in tubewell ownership, agricultural productivity is not adversely affected.
Finally, the analysis demonstrates that farmers earn more money with the shift to private tubewell ownership (Table 3 , column 9). The coefficient of tubewell ownership is positive and significant. Although we do not know the exact reason for the rise in income, the result is consistent with the idea that the shift in cropping patterns, from lower-valued wheat to higher-valued cash crops, is the underlying cause.
The effect of groundwater use on equity
To explore the equity effect of groundwater use, a different dataset, one that was larger and included detailed information on income, was analysed. These data come from a randomly selected national sample of 60 rural villages in six provinces (Hebei, Liaoning, Shanxi, Zhejiang, Hubei, and Sichuan). To accurately reflect varying income distributions within each province, we selected one county at random from within each provincial income quintile. The survey team randomly selected two villages within each county and used village rosters and our own counts to choose 20 random households. The village rosters included citizens with and without residency permits (hukou). The survey included a total of 1198 households, and collected data on rural household income that can be disaggregated into cropping, off-farm and other sources. The survey also gathered detailed information on irrigation sources and other household characteristics.
Research results show that irrigation patterns in China differ between regions (Table 4 ). Most households in the southern provinces irrigated their plots using surface water. For example, 89% of the households in Zhejiang Province only used surface water for irrigation (Table 4 , row 12). In northern Hebei province, in contrast, 74% of the households used only groundwater to irrigate their plots (Table 4 , row 4). In all six provinces, only a small fraction of the households irrigated the same plot conjunctively (that is, with ground and surface water).
Using our data, the overall Gini coefficient of per capita income from the sample is 0.540 in 2000 (Table 5 , row 1, column 2). (The Gini coefficient was developed to measure the degree of concentration (inequality) of a variable in a distribution of its elements. It compares the Lorenz curve of a ranked empirical distribution with the line of perfect equality. This line assumes that each element has the same contribution to the total summation of the values of a variable. The Gini coefficient ranges between zero, where there is no concentration (perfect equality), and unity, where there is total concentration The total number of households is fewer than 1199, as information on irrigation is missing for some households. The proportion of each type of household is reported in parentheses.
(perfect inequality) (http://people.hofstra.edu/geotrans/ eng/ch4en/meth4en/ch4m1en.html).) Compared with Gini coefficients of 0.28 in 1983 and 0.42 in 1992 as calculated by Rozelle (1996) , inequality appears to have continued to rise in the 1990s. The Gini coefficient in rural China, however, is well within the range recorded for rural areas in other developing countries, albeit on the high side. For instance, UNDP (2003) showed that the Gini coefficient in Brazil is 0.61. Deconstructing the Gini coefficient by income source shows that irrigation (by either ground or surface water) may help to equalize income (Table 6 ). Cropping income from irrigated land is most equally distributed with a Gini coefficient approximately 0.1-0.2 points lower than those of the other income sources (Table 6 , column 2). Cropping income is not concentrated in rich households, as the Gini correlation between cropping income and total income, R k , is 0.39, a value much lower than that of off-farm income. More saliently, cropping income from irrigated land has the highest marginal effect on lowering inequality (Table 6 , column 6). A 1% increase in cropping income from irrigated land for all households would decrease the Gini coefficient for total income by 0.1% (Table 6 , row 2). Hence, just as Rozelle (1996) found that cropping income, in general, helped abate regional inequality, our results find that interhousehold inequality is attenuated by the presence of irrigation. In contrast, a 1% increase in non-farm income would increase the inequality level by 0.14% (Table 6 , row 4). (It should be noted that although the result is statistically significant, it is not highly significant. The main conclusion here is that the data do not support the opposite conclusion; i.e. it is not a negative effect.) Interestingly, the impacts of different types of irrigation (surface water, groundwater and conjunctive use) are different (Table 5 , row 2a-c). Compared with surface water irrigation, the share of cropping income from land irrigated by groundwater in total income is smaller S k , share of income source k in total income. G k , Gini coefficient of income source k. R k , Gini correlation between income source k and the distribution of total income. S k G k R k , contribution of income source k to the Gini coefficient of total income (S k G k R k of cropping income, off-farm and other income sum to 0.5407). )G 0 /)e j , marginal effect on the Gini coefficient of total income as a result of a marginal percentage increase in income source j. ()G 0 /)e j )/G 0 , relative effect of a marginal percentage increase in income source j upon the Gini coefficient of total income. Table 6 . Gini decomposition by income flows as a result of specific household characteristics Table 2 . Not all variables are reported for the sake of brevity. S k , share of income flow contributed by factor k in total household income. Column (1) does not sum to unity because we did not list all explanatory variables in the regression or the residual. G k , Gini coefficient of income flow contributed by factor k. R k , Gini correlation between income flow contributed by factor k and the distribution of total income. S k G k R k , contribution of income flow contributed by factor k to Gini coefficient of total income. The sum of the five (S k G k R k )s does not sum to 0.5572 because we did not list all explanatory variables in the regression or the residual. )G 0 /)e j , marginal effect on Gini coefficient of total income as a result of a marginal percentage increase in income flow contributed by factor j. ()G 0/ )e j )/G 0 , relative effect of a marginal percentage change in income flow contributed by factor j to Gini coefficient of total income. The variable area of land irrigated conjunctively by surface water and groundwater is not included in the regression. Only 26 households have plots irrigated conjunctively. If this variable is included in the regression, a serious multicollinearity problem arises between the variable area of land irrigated conjunctively by surface water and groundwater and the constant term.
( Table 5 , column 1). Cropping income from land irrigated by groundwater is also less concentrated in rich households, as the Gini correlation between cropping income from land irrigated by groundwater and total income, R k , is 0.29 (Table 5 , column 3). Hence, although cropping income from land irrigated by groundwater is less equally distributed than that from land irrigated by surface water (Table 5 , column 2), they have a similar marginal effect on lowering inequality (Table 5 , column 6). The Gini coefficient for total income would be lowered by 0.03% (Table 5 , row 2b) if cropping income from land irrigated by groundwater increases by 1% and by 0.06% if cropping income from land irrigated by surface water increases by 1%. Results from deconstructing inequality by income flows as a result of specific household characteristics further confirm irrigation's propensity to equalize income (Table 6 ). After controlling for other factors, a 1% increase in the area of land irrigated by groundwater would lead to a 0.0045% decrease in the Gini coefficient for total income (Table 6, row 3). A 1% increase in the area of land irrigated by surface water would lead to a 0.0175% decrease in the Gini coefficient for total income (Table 6 , row 3). The results also show, however, that irrigation is not the only factor that can decrease inequality. A 1% increase in the education level of the labour force in the household leads to a 0.23% decrease in the inequality level of total income. Hence, education, like irrigation, can lower income inequality.
Concluding remarks
In this paper the authors have sought to demonstrate the evolution of tubewell ownership in the North China Plain and its effect on production and groundwater levels. The results show that since 1990 collective ownership of tubewells has largely been replaced by private ownership. At present, private tubewell ownership has become the dominant form of ownership in many regions. Most private tubewells are still owned jointly by several individuals as shareholding tubewells.
Changes in resource endowments have been shown to lead to changes in commonly observed institutional forms. This shift is consistent with the induced innovation hypothesis (as also is commonly found in other developing economies). Fiscal and financial policies have played important roles in the evolution of tubewell ownership. Because fiscal subsidy programmes have been designed to directly extend funding to single farmers for tubewell investment, the fiscal measures have promoted the emergence of private tubewells. In contrast, targeted bank loan policies that mainly have provided bank loans to village leadership councils for tubewell investment have slowed down tubewell privatization.
The findings also demonstrate that the privatization of tubewells has promoted the adjustment of cropping patterns and increased farmer income while having no adverse impact on crop yield. Such results are consistent with the hypothesis that when tubewell ownership shifts from collective to private (as shown in this paper) and water is more efficiently managed (as shown by Wang et al. 2002) , producers are able to cultivate relatively high-value crops, which in some cases demand greater attention to timely water supply. Specifically, our results show that after privatization, farmers have expanded the sown area of less water-sensitive and high-value crops, such as maize, cotton and non-cotton cash crops (which are mainly horticultural crops). Importantly, with the shifting of tubewell ownership from collective to private, cropping patterns changed and farmer income increased. Finally, the research results show that groundwater can help to equalize income.
The research presented here indicates that, consistent with the concerns of some observers, the privatization of tubewells per se did accelerate the fall in the water table.
This result implies that we should be concerned about the rapid fall in the water table. Because of the cropping income effect, we believe that policy makers should continue to support the privatization of tubewells in North China. However, measures should also be taken to address the falling water table; but a return to collective tubewell ownership is not the answer. Other policies, such as pricing and regulatory measures, may need to be used to combat the deterioration of China's groundwater. In fact, given the increased pressure to move into higher valued crops, despite increasing resource scarcity, it seems that the shift to private tubewells will continue. Given their greater efficiency, encouragement of this trend may be warranted, but only when combined with measures to slow the deterioration of the groundwater resource.
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APPENDIX: METHOD TO ANALYSE THE EQUITY EFFECT OF GROUNDWATER USE
The total income Gini coefficient is deconstructed by income source. We begin by noting that if y k is income from source k (e.g. plots irrigated by surface water and plots irrigated by groundwater), then total household income, y 0 , is
It should be noted that the subscripts h and v are suppressed here. Following the method suggested by Stuart (1954) , Pyatt et al. (1980) and Lerman & Yitzhaki (1985) , we can write the Gini coefficient for total household income per capita, G 0 , as
where S k is the share of y k in y 0 ; G k is the Gini coefficient of y k ; and R k is the Gini correlation between y k and the distribution of y 0 , defined as
where F(y 0 ) and F(y k ) are the cumulative distributions of total household income and income from source k, respectively. If income component j increases by a factor of e, such that y j (e) = (1 + e)y j for all households, the marginal effect of this percentage change on total income inequality is
where S j , R j , G j and G 0 are measured prior to the marginal income change. Dividing equation (A4) by G 0 , we obtain
The relative effect of a marginal percentage change in source-j income on the Gini coefficient for total income (elasticity of total income inequality with respect to income source j) equals the relative contribution of source j to overall income inequality minus the share of source j in total income. One limitation of this approach is that it does not separate the effect of irrigation from other factors that might be correlated with irrigation; for example, farmers are more likely to adopt irrigation for plots that have better quality. Thus, the quality of land and irrigation status is probably correlated.
The limitation of decomposing inequality by income sources can be overcome by using a regression-based approach to decompose total income inequality by income flows attributable to specific household characteristics. This approach follows the work of Taylor (1997) and Morduch & Sicular (2002) . In the first step, a regression is run to estimate income flows:
where y hv denotes total household income per capita for household h in village v and is the constant variable that influences household income. X hv is a matrix of household characteristics including household size, average age and education level of the household's labour force, degree of land fragmentation, proportion of highquality land and proportion of land affected by negative shocks. Cultivated land per capita is included to control for land as a fixed input. We also have included several variables, household agricultural assets, self-employed business assets, livestock assets and non-productive assets (in per capita terms), to control for factors including household access to credit markets or ability to adopt new technologies. The matrix P v denotes the prices facing farmers within each village, including both variable input prices and output prices. Z v denotes the observable village characteristics including a community's topography, its distance from the county seat, the number of telephones per capita in the village and the proportion of villagers who out-migrated to destinations outside the village or worked off-farm in the local wageearning market in 1990. Equation (A6) also includes a term, µ v , which represents all other community fixed effects that vary by village and that are difficult to observe or measure (e.g. the economic environment of the village, certain climatic and/or agronomic factors that affect village-wide yields and prices, etc.). After holding X hv and Z v constant, v can be interpreted as our parameters of interest, measuring the effect of area of irrigated land per capita denoted by D hvw . When w = 1, D hvw denotes the area of land irrigated by surface water. When w = 2, D hvw denotes the area of land irrigated by groundwater. When w = 3, D hvw denotes the area of land irrigated conjunctively by surface water and groundwater. It should be noted that a linear specification for equation (A6) is required to decompose the inequality by estimated income flows.
